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Abstract The pyrophosphate K2NiP2O7 has been synthe-
sized by the classic ceramic method and characterized by X-
ray diffraction, solid-state 31P magic angle spinning (MAS)
NMR, and IR and electrical impedance spectroscopy. The
solid-state 31P MAS NMR, performed at 121.49 MHz, shows
two isotropic resonances at −17.66 and −19.94 ppm, revealing
the existence of two phosphorus environments in the structure.
The electrical conductivity and dielectric properties have been
investigated in the frequency and the temperature range of
200 Hz–1 MHz and 603–728 K, respectively. The frequency
dependence of the conductivity is interpreted using the aug-
mented Jonscher relation. The close values of activation ener-
gies obtained from the analysis of hopping frequency and dc
conductivity imply that the transport is through ion hopping
mechanism. The charge carrier concentration in the investi-
gated sample has been evaluated using the Almond–West
formalism and shown to be independent of temperature. Ther-
modynamic parameters such as the free energy of activation
ΔF, the enthalpy ΔH , and the change in entropy ΔS have
been calculated.
Keywords K2NiP2O7 .Migration entropy . Ionic
conduction . Enthalpy of activation for the dipolar orientation
Introduction
Despite the abundant literature references to the chemistry and
structure of phosphates and their potential importance in in-
dustrial application, an important number of alkaline/divalent
ion diphosphates of stoichiometry A2BP2O7 are known. In
particular, A=K materials with divalent cations (Zn, Pd, Cd,
Sr) were characterized [1–4]. These and other related diphos-
phates have awaked great interest in relation to their potential
technological applications, as some of them may have mag-
netic and useful catalytic properties [5–7]. Besides, some of
them have been proposed as cathode materials for lithium
batteries [8, 9] and even, as nanoparticles, for decontamination
and remediation of water [10].
The single-crystal structure of K2NiP2O7 is known, and the
solid lattice is characterized by edge- and corner-sharing PO4
and NiO6 polyhedra. K
+ (KOx, x =5, 6, and 7) ions are found
in cavities in the lattice (Fig. 1). Ni+ ions are found on plans
parallel to the crystallographic (100) at x =0.42 and 0.58. Ni
atoms are grouped as dimers with Ni–Ni distances of 2.866
and 2.827 Å. Dimers are bridged by three oxygen atoms. This
may be viewed as two NiO6 octahedra sharing a face and is
unprecedented in ortho or pyrophosphates chemistry. The
P2O7
4− groups are seen in eclipsed conformation with P–O–
P angles averaging 123°; P–O distances vary between 1.53
and 1.56 Å [11].
Our interest in the K2NiP2O7 compound is dictated by the
following:
1. First, alkali transitional metal phosphates have been ex-
tensively studied owing to their wide applications as
prospective materials in technology, viz. as electronic
devices, solid electrolytes, sensors, solid-state laser mate-
rials, piezoelectric materials, luminescent materials, cata-
lysts, ceramics, and magnetic materials. The K2NiP2O7
sample was used as a catalyst such as in the preparation of
methyl (E)-α-cyanocinnamate [12].
2. Second, this compound contains a magnetic atom of the
transition member Ni, which leads to antiferromagnetic
ordering. Furthermore, the presence of alkaline ions (K+)
in this material can lead to an interesting multifunctional
compound.
In this study we report the electrical properties of the
K2NiP2O7 compound by means of impedance spectroscopy
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and discuss the conduction mechanism in this material and its
correlation with the crystallographic properties. The main aim
of this work is to estimate the charge carrier parameters using
the Almond–West approach and determine the values of the
thermodynamic parameters of activation for the dipolar
orientation.
Experimental procedure
The K2NiP2O7 ceramic was prepared by a conventional meth-
od. Stoichiometric quantities of NiCO3·2Ni(OH)2·4H2O,
K2CO3, and NH4H2PO4 with 99 % purity were ground and
progressively heated to 573 K for 16 h to eliminate NH3, CO2,
and H2O. The obtained product is again ground manually,
pressed in pellet, and heated at 873 K for 8 h.
X-ray powder diffraction pattern was recorded using a
Phillips powder diffractometer operating with copper radia-
tion λ=1.54187 Å over a wide range of Bragg angles (5°≤
2θ≤60°). Unit cell parameters of the synthesis compound
have been refined by the least square method from the powder
data. The infrared absorption spectrum of the crystalline pow-
der was recorded using an FT-IR 100 PerkinElmer spectro-
photometer in the 500–1,300 cm−1 range.
The 31P NMR experiments were performed on a Bruker
MSL 300 (B =7.1 T) spectrometer working at 121.49 MHz.
The powdered sample was pocketed in the rotor and allowed
to rotate at speeds of 5 and 8 kHz in a Doty magic angle
spinning (MAS) probehead. Single pulse sequence program
(zero Go) was used with a π/2 pulse length of 5 μs. All
chemical shifts δ are given with respect to 85 % H3PO4,
according to the IUPAC convention, i.e., shielding corre-
sponds to negative values. The chemical shift tensor compo-
nents were obtained using Bruker Winfit software [13].
The electrical measurements were performed using a two-
gold-electrode configuration. The sample was made into a
cylindrical pellet with a typical dimension of 8mm in diameter
and 0.6mm in thickness pressed at a pressure of 5,000 kg cm−2.
Electrical impedances were measured in the frequency range
from 200 Hz to 1 MHz with the TEGAM 3550 ALF automatic
bridge monitored by a microcomputer. Measurements were
carried out at temperatures from 603 to 728 K.
Results and discussions
Crystalline parameters
The room temperature XRD pattern of K2NiP2O7 is shown in
Fig. 2. The formation of pure-phase K2NiP2O7 without second-
ary phases has been confirmed. All the reflection peaks were
indexed in the monoclinic system with the space group P21.
The refined lattice parameters are a =9.228(1)Å, b =17.555(9)
Å, c =8.335(1)Å, β=91.48(2)°, and V =1349.886(4)Å3 which
are in good agreement with the literature [11].
Infrared absorption spectroscopy
Figure 3 shows the infrared spectrum of the K2NiP2O7 sample
recorded at room temperature; their band assignments are
given in Table 1. The assignment of the bands was effectuated
by comparison with similar compounds [14–16]. The princi-
pal modes are assigned in the internal modes of the P2O7
group: One can observe three groups of bands:
1. The first is located in the region 1,185–1,162 cm−1 which
is attributed to the antisymmetric stretching modes of
vibration νa (PO3).
2. The second is in the range 1,093–1,053 cm−1 which
corresponds to the symmetric stretching modes of vibra-
tion νs (PO3).

































































Fig. 2 X-ray diffraction pattern of the investigated K2NiP2O7 compound
prepared by solid-state reaction technique
Fig. 1 Schematic representation of the K2NiP2O7 structure
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3. The third is observed between 945 and 806 cm−1 which is
assigned to the antisymmetric stretching mode of (POP).
In addition to these bands, a smaller band observed at
1,007 cm−1 is attributed to the antisymmetric stretching of the
(PO3) group. Another band, assigned to antisymmetric (POP)
stretching, arised near 628 cm−1. Two bands located at 532 and
517 cm−1 are attributed to δa (PO3) deformation modes.
Note that one of the most interesting aspects of the IR study
is the ability to obtain direct information about the configura-
tion of the P–O–P bridges. The symmetric POP stretching
mode δ (POP) confirms the presence of the diphosphate group
in the compound.
31P NMR MAS study
The 31P spectrum for a sample rotating at magic angle (MAS)
with two frequencies ν=5 and 8 kHz and the simulated
isotropic bands are shown in Fig. 4a, b, respectively.
Spinning the sample at low and high velocities (ν=5 and
8 kHz) allows us to assign two isotropic peaks A and B at
positions independent of the spinning rate, −17.66 and
−19.94 ppm, in the proportions 39.91 and 60.09 %, respec-
tively, revealing the presence of two phosphorus environ-
ments in the structure. This result apparently disagrees with
the structural evidences. In fact, NMR investigation reveals
the presence of two phosphorus sites, but four distinct sets of
pairs of PO4 units are found in the primitive cell by X-ray
investigation [11].
A careful study of the crystallographic data shows that five
among the eight phosphorus atoms have an average distance
<P–O> equal to 1.53 Å and the three other atoms are charac-
terized by <P–O> equal to 1.55 Å. In the literature various
studies show that the isotropic chemical shift for the Q1 band
δiso is average distance <P–O> dependent. A linear relation-
ship between δiso and <P–O> has been proposed [17]:
δiso ¼ A < P–O > −B ð1Þ
where A ≈780 ppm Å−1 and 1,213 ppm ≲ B ≲ 1.224 ppm .
This result can explain the existence of only two phospho-
rus peaks in the NMR spectra. According to the previous
equation, we will consider that the highest δiso corresponds to
the largest <P–O>. Therefore, A with the highest δiso (−17.66)
should correspond to the three phosphorus atoms having the
largest <P–O> (1.55 Å) and the proportion 39.91 %.
The chemical shift tensors for the two types of PO4 groups
were obtained by an iterative procedure using the Dmfit pro-
gram [13]. Table 2 summarizes these results, under the con-
ventional forms δ11, δ22, and δ33 as well as under the more
useful parameters (the isotropic chemical shift δiso, the chem-
ical shift anisotropy δCS, and the asymmetry parameter η [18]).
δ11, δ22, and δ33 are the diagonal terms of the chemical shift
tensor expressed in the principal axis system, according to
δ11 > δ22 > δ33 ð2Þ
Or
δ11 < δ22 < δ33 ð3Þ
with the convention that
δ11−δ22 <j jδ22 −δ33j j; ð4Þ
δiso ¼ δ11 þ δ22 þ δ33ð Þ=3; ð5Þ
δCS ¼ δ33−δiso; ð6Þ
And
η ¼ δ22−δ11ð Þ= δ33−δisoð Þ: ð7Þ






































Fig. 3 Infrared spectra of K2NiP2O7 recorded at room temperature
Table 1 Assignment of
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The chemical shift tensor orientation is depicted in Fig. 5,
where the axes have been renumbered in agreement with the
above conventions.
Electrical properties
Electrical conductivity in materials is due to the ordered mo-
tion of weakly bound charged particles under the influence of
an electric field, and it is a thermally activated process. It is one
of the significant properties of materials to be characterized
depending on the nature of charge carriers dominating the
conduction process such as electrons/holes or cations/anions.
The complex impedance spectra of K2NiP2O7 for some repre-
sentative temperatures are shown in Fig. 6. They are charac-
terized by the appearance of semicircle arcs with a tail at low
frequency. We propose an equivalent circuit formed by a series
combination of two cellules: the first consists of a parallel
combination of resistance (R), capacitance (C1), and fractal
capacitance (CPE), whereas the second consists of another
capacitance (C2) (Fig. 6 inset). This circuit shows that the
measured electrical properties correspond to the bulk response
of the samples with little evidence for significant grain















Fig. 4 a 31P NMR spectrum for a sample rotating at magic angle (ν=5 and 8 kHz) with b simulated isotropic and spinning bands. Peak A green color,
peak B blue color
Table 2 31P NMR parameters
Peak Percent δiso δCS FWHM η X(G /L) δ11 δ22 δ33
ppm ppm ppm ppm ppm ppm
A 39.91 −17.66 −239.1 3.83 0.7 0.93 231.5 26.3 −310.8
B 60.09 −19.94 313.7 4.39 0.95 0.16 −325.8 −27.7 293.8
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boundary impedances [19]. The impedance of the constant
phase element (capacity of the fractal interface CPE) is [20]
ZCPE ¼ 1Q iωð Þα ð8Þ
where Q indicates the value of the capacitance of the CPE
element and α is the fractal exponent. Further, the previous
equation shows that as α→1, ZCPE→1/iQω, involving a
pure capacitance, and asα→0, ZCPE→1/Q , involving a pure
resistance.
The expressions of |Z | and phase θ related to the equivalent
circuit are obtained from the real (Z ′) and the imaginary (Z″)
parts of the complex impedance:
Zj j ¼
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ









where Z ′ and Z″ can be written as
Z 0 ¼
R–1 þ Qωαcos απ
2
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R–1 þ Qωαcos απ2





R–1 þ Qωαcos απ2




Figures 7 and 8 show the variation of the impedance
component |Z | and θ versus angular frequency; those plots
show a good agreement between simulated and experimental
data. The extracted values of capacitance (C1) are in the range
of picofarads, implying that the single semicircle response is
from grain interiors. The values of α are about 0.7, revealing
the weakness interaction between localized sites. The magni-
tude of dc conductivity σdc can be calculated using the fol-
lowing relation:
σdc ¼ eSR ð13Þ
where S is the electrolyte–electrode contact area, e is the
thickness of the pellet, and R is the bulk resistance extracted
from the fit of |Z | and θ using Eqs. (11) and (12). The
temperature dependence of the conductivity is presented in
Fig. 9 in the form of Ln(σdcT ) versus reciprocal temperature.
This plot indicates an increase in conductivity with rise in
temperature. This type of temperature dependence indicates
that the electrical conduction in the sample is a thermally
activated transport process governed by an Arrhenius-type
relation: σdcT =Aexp(−E dc/kT ) where E dc=1±0.05 eV is
the dc activation energy and A =2.79×103Ω−1 cm−1 K is the
conductivity pre-exponential factor.
AC conductivity
The frequency-dependent conductivity of inorganic glasses,
polymers, doped semiconductors, and ionic conductors
Fig. 5 Chemical shift tensor orientation, where (L) and (E) indicate
linkage and external oxygen atoms, respectively
Fig. 6 The Cole–Cole plot of the impedance of K2NiP2O7 at different
temperatures
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exhibits universality, and their behavior is scaled to a master
curve [21–23]. The angular frequency-dependent conductivity
spectra are shown in Fig. 10. The curves display a low-
frequency plateau and high-frequency dispersive regions. An-
gular frequency-dependent conductivity is well described by
the known augmented Jonscher relation as [24]
σac ωð Þ ¼ σdc þ Aωs þ Bω ð14Þ
where σdc is the dc conductivity, A is thermally activated, B
involves only small temperature dependence, and s is an
exponent function of temperature and frequency and is related
to the degree of correlation among moving ions [25]. Two
terms of the previous equation are denoted as, namely, uni-
versal dielectric response (UDR), in general, universal dynam-
ic response, and nearly constant loss (NCL), respectively.
These two additive terms correspond to different processes
happening in the material. The power-law frequency-
dependent UDR term originates from the hopping of the
carriers with interactions of the inherent defects or disorder
in the material, whereas the linear frequency-dependent NCL
term is modeled to originate from rocking motions in an
asymmetric double-well potential and electrical loss occurring
during the time regime while the ions are confined to the
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Fig. 7 Variation of |Z | as a
function of angular frequency at
different temperatures and
angular frequency dependence of
the imaginary partM″ of complex
modulus at 728 K (inset)






















Fig. 8 Variation of the argument part θ of impedance (Z) as a function of
angular frequency at different temperatures
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Fig. 9 Temperature dependence of σdc versus 1000/T
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potential energy minimum [24]. UDR and NCL terms are
further categorized to occur in the high-temperature/low-fre-
quency and the low-temperature/high-frequency regimes, re-
spectively [25].
The crossover frequency from dc to the dispersive region of
the ac conductivity is known as hopping frequency,ωh, and it





In the past few years, different scaling models have been








Figure 11 shows the conductivity plots of the K2NiP2O7
sample which are scaled at different temperatures. In this
scaling process, the ac conductivity axis is scaled by σdc and
the frequency axis byωh,σdc being a parameter obtained from
the fit of the conductivity as a function of angular frequency.
Scaling the conductivity spectra in this way at different tem-
peratures merges on a single curve which implies that the
relaxation dynamics of charge carriers is independent of tem-
perature. In order to examine the temperature and frequency
dependence of ac conductivity, we report in Fig. 12 the tem-
perature dependence of σac at a fixed frequency. The nature
variation of σac over a wide temperature range supports the
thermally activated transport of properties of the materials
obeying an Arrhenius relation: σacT =Bexp(−E ac/kT). It is
observed that the ac conductivity of the material increases
with rise in temperature and shows the negative temperature
coefficient of resistance behavior. The activation energy, Eac,
of σac conductivity for a selected frequency was determined
from the slope of log σac(ω)T versus 1,000/T.
The frequency variation of the obtained activation energy,
Eac, is shown in Fig. 13. It is clear that E ac remains constant at
low frequency and decreases at high frequency with increas-
ing frequency. The activation energy involves the activation
energies of formation of the vacant sites and migration of the
mobile carriers.
Figure 14 shows the temperature dependence of the hop-
ping frequency calculated from Eq. (15); an Arrhenius type
behavior is shown. The activation energy calculated from the
slope of Ln(ωh) versus 1,000/T is found to be Ehop=1.07±
0.05 eV. This value is very close to that determined above
from dc conductivity Edc=1±0.05 eV, implying that the mo-
bility of the charge carrier is due to a hopping mechanism in
the investigated material.
Inside the crystalline-phase K2NiP2O7, K
+ ions are located
in cavities along the [0, 0, 1] axis which is formed by edge-
























Fig. 10 Angular frequency dependence of the ac conductivity at various
temperatures

















Fig. 11 Plot of (σac/σdc) versus (ω/ωh) at different temperatures




























Fig. 12 Plot of ac conductivity versus 1000/T at different frequencies
Ionics (2014) 20:209–219 215
and corner-sharing PO4 and NiO6 polyhedra (Fig. 1). We can
assume that inside the K2NiP2O7, the electrical transport is
due to K+ cation displacement along the [0, 0, 1] lattices
located between P2O7 groups and NiO6 octahedra.
In hopping transport, we can use the relationship between
the dc conductivity σdc and the hopping frequency ωh [31]:





where rh is the hopping distance (rh=K–K distances, which is
found to be 8.319 Å) and Nc is the number of effective charge
carriers. According to the previous equation, the temperature
dependence ofNc is shown in Fig. 15. It is clear thatNc varies
slightly depending on the temperature, and it can be
considered as a constant with a value of 6.85×1027±0.3×
1027 m−3. A comparison between the number density of K
sites (N k=1.188×10
28 m−3) and the number of effective
charge carriers shows that 57.65 % of K+ ions are responsible
for the conduction in this material.





The temperature dependence of μ is presented in Fig. 16 in
the form of Ln(μ) versus 1000/T. An Arrhenius-type behav-
ior, μ =Bexp(−Eμ /kT), is shown. It is observed that mobility
increases with increasing temperature; the activation energy
Eμ obtained from this plot is about 1.1±0.05 eV. This value is
comparable to that deduced from the hopping frequency.
According to Eq. (14) and [32], the ac conductivity can be
rewritten as follows:
σac ω; Tð Þ ¼ e
2r2h
6kT








  s	 

þ Bω: ð19Þ
Almond andWest have shown that the ion hopping rateωh
(ωh=2πνh) can be described by the following equation [33]:
ωh ¼ ωeexp –EμkT
 
ð20Þ











Fig. 13 Frequency dependence of ac activation energy
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Fig. 14 Temperature dependence of the hopping frequency ωh and the
relaxation frequency fp









320 340 360 380 400 420 440 460 480
T(°C)
Fig. 15 Variation of the effective charge carrier Nc as a function of
temperature
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where
ωe ¼ ω0exp Smk
 
: ð21Þ
In Eqs. (20) and (21), an effective attempt frequency,ωe, is
introduced by combining the true attempt frequency,ω0, with
the enhancement produced by a finite entropy of migration S .
The migration entropy term, exp(Sm/k ), has a profound influ-
ence on the ion conductivity. The true attempt frequencyω0 is
the fundamental vibrational frequency of the mobile ions; an






wherem is the mass of the mobile ion. The value of migration
entropy obtained from ωe/ω0 is found to be Sm/k =6.55.
Dielectric study
The measured impedance data are used to calculate the imag-




where Z* is the complex impedance; C0 ¼ ε0Se , S and e being
the area and the thickness of the sample, respectively; and ε0 is
the permittivity of the vacuum. The angular frequency depen-
dence of the real and imaginary parts, ε′ and ε″, of complex
dielectric permittivity ε* at the same temperatures is presented
in Figs. 17 and 18. One observes that ε′ approaches a limiting
constant value, ε′∞ (ω), at high frequencies, which can be
interpreted as a result of rapid polarization processes with no
ionic motion contribution because the frequency is too high
and the ions can only oscillate without reaching the sample–
electrode interface. At lower frequencies, the ε′ values in-
crease with decreasing frequency with a rapid rise at high
temperatures. The rise of ε′ is due to the sample–electrode
interface polarization. The presence of a tail in the complex
impedance plan representation confirms that electrode polar-
ization is responsible for the increase of ε′ at low frequency
and high temperature.
The variation of the imaginary part of the permittivity with
frequency shows that conduction losses predominate at lower
frequencies, and hence, at all temperatures the imaginary part
of the permittivity ε″ shows 1/ω dependence on angular
frequency. Also, ε″ increases with increasing temperature,
and the dielectric loss peak has not been observed. The com-
monmethod of getting dielectric loss peak in solid electrolytes














Fig. 17 Angular frequency dependence of the real part ε′ of the permit-
tivity for the K2NiP2O7 compound at different temperatures
















Fig. 18 Variation of the imaginary part of dielectric constant versus
frequency





















Fig. 16 Temperature dependence of mobility μ
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is through separating dc conductivity from the total conduc-
tivity σ (ω). However, in ionically conducting materials, at
low frequencies there is an unavoidable electrode polarization
effect and the dielectric constant is rather high. This often
yields a large experimental error during the separation of dc
conductivity from the total conductivity [34].
An analysis of the ion conductivity relaxation process in
polycrystalline has been undertaken in the complex modulus
M* formalism. This formalism (M*=1/ε*=iωC0Z*, where
C0 is the vacuum capacitance of the cell) is useful in deter-
mining charge carrier parameters such as the conductivity
relaxation time [35]. Figure 7 (inset) shows a typical variation
of the imaginary part of complex modulus at 728 K. The
spectrum shows a good conformity between experimental
and fitted data, which implies that the used equivalent circuit
describes well the electrical behavior of the sample.
The maximum of the well-defined peak of modulus curves
corresponds to the modulus relaxation frequency fm which is
linked to the bulk relaxation frequency fp as [36]
f p ¼ r⋅ f m ð24Þ






The variation of the bulk relaxation frequency fp with
temperature follows the Arrhenius relation fp=f0exp(−Ep/
kT), where f0 is the frequency at infinite temperature and Ep
is the activation energy (Fig. 14).
The activation energy extracted from the slope of the plot is
1.06±0.05 eV which is in the vicinity of Ehop and Edc values
(Ehop=1.07±0.05 eV, Edc=1±0.05 eV), suggesting that the
relaxation process and the electrical conductivity are ascribed
to the same effect.
Thermodynamic parameters
From the Eyring theory, the relaxation time is related to the
free energy by the following expression [37, 38]:
τ ¼ h=kTð Þexp ΔF=RTð Þ ð26Þ
where ΔF is the Gibbs free energy of activation for dipole
relaxation during rotation, R is the gas constant, k is
Boltzmann's constant, and h is Planck's constant.
Further,ΔF is related to the enthalpy of activationΔH and
entropy activation ΔS by the relation
ΔF ¼ ΔH−TΔS: ð27Þ












The temperature dependence of Ln(T ·τ) (Fig. 19) shows a
straight line whose intercept and slope respectively give the
entropy and enthalpy of the system. The resulting values are
ΔH =23.13 kcal mol−1 andΔS /k =−1.05. The negative value
of ΔS may be due to the existence of dipole–dipole interac-
tions and suggests that the molecules are more nearly aligned
with each other in the activated state [39].
Conclusion
The ac conductivity and dielectric behavior of the K2NiP2O7
compound have been studied as a function of temperature and
frequency. The ac conductivity showed a variation with angu-
lar frequency, and it was found to obey the augmented
Jonscher power law at different temperatures. The electrical
transport is due to the K+ cation hopping along the [0, 0, 1]
lattices located between P2O7 groups and NiO6 octahedra. The
concentration of the charge carrier is independent of temper-
ature; a comparison between the number density of K sites and
the number of effective charge carriers shows that 57.65 % of
the K+ ions are responsible for the conduction in this material.
Thermodynamic parameters such as entropy, enthalpy of ac-
tivation for the dipolar orientation, and migration entropy
have been calculated. The K2NiP2O7 sample is characterized
by high migration entropy (S /k =6.55).














Fig. 19 The temperature dependence of Ln(T·τ)
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